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We report on rotating an optically trapped silica nanoparticle in vacuum by transferring spin
angular momentum of light to the particle’s mechanical angular momentum. At sufficiently low
damping, realized at pressures below 10−5 mbar, we observe rotation frequencies of single 100 nm
particles exceeding 1 GHz. We find that the steady-state rotation frequency scales linearly with
the optical trapping power and inversely with pressure, consistent with theoretical considerations
based on conservation of angular momentum. Rapidly changing the polarization of the trapping
light allows us to extract the pressure-dependent response time of the particle’s rotational degree of
freedom.
Introduction. Optomechanics is the science of mea-
suring and controlling mechanical motion using light [1].
One particularly interesting optomechanical system is
a dielectric nanoparticle levitated in a strongly focused
laser beam using the forces of light [2–7]. The trapping
laser confines the particle to the focal region and scatters
off the particle, providing a measurement of its center-
of-mass motion. Using active feedback mechanisms and
autonomous cavity-assisted cooling schemes, the center-
of-mass motion of an optically levitated nanoparticle has
been controlled to a remarkable degree, putting the quan-
tum regime of mechanical motion within reach [8–11].
Recently, researchers have started to turn their attention
to rotational degrees of freedom of levitated objects [12].
Taking inspiration from optically induced rotation of par-
ticles trapped in liquid media [13], the torsional and ro-
tational motion of optically levitated objects featuring
shape asymmetries or anisotropic optical properties have
been investigated [14–18]. Gaining control over the ro-
tation of a levitated object is interesting from two per-
spectives. First, in high vacuum, optically levitated par-
ticles offer the potential to reach extremely high rota-
tion speeds [19–21], necessary to investigate unexplored
types of rotation-induced fluctuating forces and vacuum-
friction effects [22, 23]. Second, adding rotational con-
trol to the toolbox of levitated optomechanics is appeal-
ing when considering the regime of low excitation num-
bers currently investigated for the translational degrees
of freedom. Each center-of-mass degree of freedom of a
trapped particle embodies a quantum mechanical har-
monic oscillator with equidistantly spaced energy levels
and finite ground-state energy [1]. In contrast, the rota-
tional degrees of freedom offer a nonlinear energy spec-
trum with vanishing ground-state energy [12]. Accessing
this new regime of rich mesoscopic physics requires opti-
cal control of both the rotational and the center-of-mass
motion in high vacuum. Importantly, while the center-of-
mass motion of silica nanoparticles can be cooled close
to the quantum regime [10], controlling the rotational
motion of such a particle in high vacuum has remained
elusive to date.
In this Letter, we measure the rotational motion of an
optically trapped silica nanoparticle with a diameter of
100 nm. We drive the particle’s rotation using circularly
polarized light. At pressures below 10−5 mbar, we reach
rotation frequencies exceeding 1 GHz. To our knowledge,
these are the highest rotation frequencies of a mechanical
object that have been realized to date.
Experimental setup. Our experimental setup is de-
picted in Fig. 1. A laser beam (wavelength λ = 1565 nm,
linearly polarized along the x axis) propagates along the
z direction. Before entering a vacuum chamber, the po-
larization of the light can be set from linear over ellip-
tical to circular by means of a quarter-wave plate. An
aspheric lens (0.77 NA) inside the chamber focuses the
beam to a diffraction-limited spot that forms an opti-
cal tweezer trap for a single silica nanoparticle with a
nominal diameter of 100 nm. An identical lens collects
and collimates the light for detection. A nonpolarizing
beam splitter (BS) behind the vacuum chamber splits
the beam such that half of the optical power is used
for detecting the particle’s center-of-mass motion, as de-
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FIG. 1. Simplified experimental setup. The polarization state
of an initially linearly polarized laser beam can be set by a
quarter-wave plate before entering a vacuum chamber. Inside
the chamber, an optical trap for a nanoparticle is formed by
focusing the beam with an aspheric lens (0.77 NA). The light
is collected by an identical lens and equally split by a beam
splitter (BS). One half of the power is utilized for center-of-
mass (c.m.) detection of the particle. The other half is sent
onto a half-wave plate followed by a polarizing beam split-
ter (PBS), which enables balanced detection of the particle
rotation via a spectrum analyzer.
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2scribed in Ref. [6], and the other half for measuring
its rotation. The center-of-mass motion of the particle
shows three distinct oscillation frequencies, correspond-
ing to the motion of the particle along the x, y, and z
direction. The transverse center-of-mass oscillation fre-
quencies Ω
(x)
c.m. and Ω
(y)
c.m. along the x and y direction are
around 2pi × 100 kHz and sensitively depend on the po-
larization of the trapping light. This dependence can
be utilized to cross-check the polarization of the trap-
ping light, as Ω
(x)
c.m and Ω
(y)
c.m. are maximally distinct for
linear polarization and become degenerate for circular
polarization. In order to measure the particle’s rotation
frequency Ωrot, the second half of the detection beam
passes a half-wave plate before it is split at a polarizing
beam splitter (PBS) and sent onto a fast balanced pho-
todetector (bandwidth 1.6 GHz), which is connected to
a spectrum analyzer (bandwidth 20 GHz) [15, 16]. Inde-
pendent of the rotation detection mechanism—which can
arise from residual birefringence [15, 24], from asymmet-
ric particle shape [18], or the angular Doppler shift [25]—
we expect the signal at the spectrum analyzer to oscillate
at 2Ωrot.
Results and discussion. For our first set of measure-
ments, we adjust the polarization of the trapping laser
close to circular. In Fig. 2(a), we show a typical rota-
tion spectrum, recorded at a pressure of 10−5 mbar and
a trapping laser power P = 226(5) mW. The signal at
1.31 GHz corresponds to a particle rotation frequency
Ωrot/(2pi) = 655 MHz. In Fig. 2(b), we plot the ob-
served rotation frequency Ωrot as a function of pressure in
the vacuum chamber. As the pressure is decreased from
10−1 mbar to below 10−5 mbar, Ωrot/(2pi) increases from
a few hundred kHz to above 1 GHz, where our measure-
ment is currently limited by the finite bandwidth of our
photodetector.
To understand the pressure dependence of Ωrot ob-
served in Fig. 2(b), we consider the equation of motion
of the particle’s angular momentum L, whose time rate
of change equals the sum of all applied torques
d
dt
L = I
d
dt
Ωrot = τopt + τdrag. (1)
We approximate the particle as a sphere with a mo-
ment of inertia I = 0.4mR2, mass m ≈ 1 fg, and ra-
dius R = 50 nm. The optical torque τopt arises from
the particle’s interaction with the laser field. The drag
τdrag is due to the interaction of the particle with the
residual gas in the vacuum chamber. We consider three
possible contributions to the optical torque τopt = τabs +
τbrf + τshape. The first component of the optical torque
τabs = σabs∆sabsIλ/(2pic) originates from absorbed pho-
tons that transfer their spin angular momentum to the
particle [14]. Here, σabs is the particle’s absorption cross
section, I is the intensity at the particle’s position, and c
is the speed of light. The degree of circular polarization
∆sabs ∈ [−1, 1] becomes −1 for left-circularly polarized
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FIG. 2. Rotation frequency as a function of pressure at a focal
trapping power of 226(5) mW and for nearly left-circularly
polarized (LCP) trapping light. (a) Measured power spectral
density (PSD) of the rotation signal at a pressure of 1.1 ×
10−5 mbar showing a signal at 1.31 GHz, which corresponds to
a rotation frequency of Ωrot/(2pi) = 655 MHz. (b) Measured
rotation frequency for varying gas pressure with a maximum
rotation frequency of Ωrot/(2pi) = 1.029(1) GHz at a pressure
of 7.2×10−6 mbar. We attribute the deviation between theory
and experiment below 10−3 mbar to an underestimation of
pressure by the used ion gauge.
(LCP) trapping light and 1 for a right-circularly polar-
ized (RCP) field. The second optical torque component
τbrf ∝ I arises from photons changing their polarization
state when scattering off the particle. This torque ex-
ists only for a particle exhibiting a finite birefringence
and depends on the difference between the ordinary and
the extraordinary refractive indices of the particle mate-
rial [13]. The third optical torque component τshape ∝ I
describes the force arising due to a possible shape asym-
metry of the particle [18]. On the other hand, the torque
τdrag in Eq. (1) damps the particle’s rotation due to vis-
cous interaction with gas molecules in the vacuum cham-
ber. Our experiment operates in a regime where the
mean free path of gas molecules is much bigger than the
particle diameter. In this regime, the viscous torque is
given by τdrag = −IΩrot/tdamp [26]. The damping time
tdamp = βmv/(pgasR
2) depends on the pressure pgas, on
the mean molecular velocity v, and on an accommodation
factor β that takes into account the efficiency with which
molecules transfer angular momentum via collisions to
the particle.
In the regime of almost circularly polarized light, any
torque contribution trying to align the particle relative
to the polarization ellipse of the trapping field can be
neglected. Therefore, the particle rotates continuously at
30 50 100 150
focal power P (mW)
0
10
20
30
40
50
ro
ta
ti
o
n
fr
eq
u
en
cy
Ω
ro
t/
(2
pi
)
(M
H
z)
(a)
data
linear fit
-20 0 20
angle φ of λ/4 plate (◦)
(b) data
fit
FIG. 3. (a) Power dependence of the rotation frequency
at a pressure pgas = 1.0 × 10−4 mbar. The polarization
of the trapping light equals the one in Fig. 2 and corre-
sponds to a quarter-wave plate angle of −29◦, see arrow
in (b). (b) Particle rotation frequency as a function of
quarter-wave plate angle at a focal power of 226(5) mW.
The wave plate angle determines the degree of linear vs
circular polarization of the trapping light. A finite degree
of circular polarization is necessary to induce rotation of
the particle. The orange dashed line is a fit to Ωrot =
Re[a
√
(1− cos b)2 sin2(2φ− φ0)− sin2(b) cos2(2φ− φ0)] [13].
The data in (a) and (b) have been recorded with different
particles.
a frequency Ωrot ∝ τopt/pgas, which can be determined by
solving for the steady state of Eq. (1). The inverse scaling
of the rotation frequency with pressure is displayed as the
dashed line in Fig. 2(b). We interpret the deviation of the
measured data from the model as an artifact known as
gauge pumping [27, 28]. This effect arises for ion gauges
(as used in our experiment at pressures below 10−3 mbar)
and leads to an underestimation of the pressure at the
particle position.
Having investigated the pressure dependence of the ro-
tation frequency, we turn to its dependence on the power
of the trapping laser. In the limit of nearly circularly po-
larized trapping light, the optical torque scales linearly
with optical power τopt ∝ P , such that we find for the
particle’s rotation frequency Ωrot ∝ P . Keeping the po-
larization of the trapping light nearly circularly polarized
at constant pressure pgas = 1 × 10−4 mbar, we measure
the rotation frequency Ωrot as a function of focal power
P . The result is displayed in Fig. 3(a) and shows very
good agreement with the theoretically expected linear
scaling.
Thus far, our experiments have been carried out with
nearly circularly polarized trapping light. In Fig. 3(b),
we investigate the dependence of the particle’s rotation
frequency on the polarization state of the light field by
varying the angle φ between the fast axis of the quarter-
wave plate in front of the vacuum chamber and the po-
larization vector of the initially linearly polarized light
(see setup in Fig. 1). We observe a vanishing rotation fre-
quency for angles φ between −14◦ and 0◦ and an increas-
ing rotation frequency with increasing (absolute) value of
φ outside that range. This experimental result can be ex-
plained by remembering that both τbrf and τshape have
two contributions [13, 18]. The first contribution leads
to a restoring torque which tends to align the particle’s
symmetry axes (given by its shape or birefringence) to
the main axes of the polarization ellipse. This contribu-
tion vanishes for perfectly circularly polarized light and is
maximized for linearly polarized light. The second con-
tribution drives the particle rotation. It vanishes for a
linearly polarized field and increases with the degree of
circular polarization. We conclude that for angles be-
tween −14◦ and 0◦ the trapping light is predominantly
linearly polarized, which leads to a dominant restoring
torque pinning the particle’s orientation to the polariza-
tion ellipse. As the quarter-wave plate is rotated beyond
that range, the torque contribution leading to rotation
overcomes that pinning the particle’s orientation and the
particle starts to rotate. Finally, we turn to the observa-
tion that the data in Fig. 3(b) are not symmetric around
φ = 0, as expected. We attribute the horizontal shift of
the data by roughly −6◦, as well as the slight deviation
from the fit, to the birefringence of the vacuum window
and the aspheric trapping lens. We also note that for
extremely pure LCP or RCP light, the particle quickly
escapes from the trap. We speculate that this instability
might be due to a spin-orbit coupling of the particle’s
rotation and its center-of-mass motion, similar to the ef-
fects observed in Ref. [15].
In a final experiment, we study the timescale of equi-
libration of the rotational dynamics of the levitated par-
ticle. To this end, we apply a steplike increase of the
optical torque applied to the particle. Experimentally,
we rapidly change the angle φ of the quarter-wave plate
from −19◦ to −29◦ and record Ωrot as a function of time
t at fixed pressure. In Fig. 4(a), we show the time depen-
dence of the observed rotation frequency after switching
the polarization state of the trapping light. We observe a
nonlinear acceleration of the rotation frequency. We ex-
plain our observation by considering the time dependent
solution of Eq. (1), yielding Ωrot = c1+c2 exp(−t/tdamp),
with constants c1 and c2 that depend on the initial pa-
rameters. Indeed, the data in Fig. 4(a) fit well to the
expected exponential behavior (dashed line). We repeat
this experiment at different pressures, extract tdamp from
the fits, and plot the damping times in Fig. 4(b). As ex-
pected, the damping time scales inversely with pressure
according to tdamp ∝ 1/pgas.
We note that the data displayed in the figures of this
manuscript have been recorded with different particles.
The reason is that particles occasionally escape from the
trap or possibly disintegrate due to high rotation frequen-
cies and the associated high centrifugal forces acting on
the particle [29]. The properties (including exact diame-
ter, shape, birefringence, absorption, surface roughness)
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FIG. 4. Measurement of system dynamics at a focal power
P = 230(5) mW. (a) After a steplike change of the opti-
cal torque by a fast rotation of the quarter-wave plate [see
Fig. 1 and Fig. 3(b)] we measure the rotation frequency as
a function of time at a fixed pressure. A fit (dashed line) of
Ωrot = c1 + c2 exp(−t/tdamp), with tdamp, c1, and c2 as free
parameters, reveals the characteristic response time tdamp of
our system. (b) Repeating the procedure described in (a) for
different pressures results in a damping time which scales as
tdamp ∝ 1/pgas (dashed line).
of each particle may therefore vary between figures. Nev-
ertheless, all rotation states reported in this paper have
been observed to be stable on a minimal timescale of
minutes.
Conclusion. We have demonstrated the stable rota-
tion of an optically trapped dielectric particle of 100 nm
diameter at rotation frequencies exceeding 1 GHz. With
a simple model, we were able to describe our experi-
mental observations. However, while our model yields
the correct scaling of the parameters involved (e.g. laser
power and pressure) it does not identify the dominating
torque transfer mechanism. Ongoing work is aimed at
elucidating this mechanism.
Our results have important implications for quan-
tum optomechanics, cosmology and material tests at the
nanoscale: Together with the fact that the center-of-mass
motion of optically levitated nanoparticles can be cooled
to the sub-mK regime [10], our control over the rota-
tional degree of freedom could be utilized for studies of
friction at a fundamental level [22, 23]. Another excit-
ing prospect is to explore the interaction of center-of-
mass and rotational degrees of freedom, which may al-
low studies of spin-orbit coupling in optically levitated
systems. Such a coupling, which has been reported in
Ref. [15], is not yet observed in our experiment, for rea-
sons to be investigated. Interestingly, the ability to ro-
tate particles at GHz frequencies might provide a plat-
form to study questions arising in the context of cos-
mology. Rapidly spinning charged dust particles in the
interstellar medium have been proposed to be responsible
for GHz radiation in measurements of the cosmic back-
ground radiation [30]. Together with controlling the par-
ticle charge [31], our method of rotating a nanoparticle at
GHz frequencies could enable a test bed for this hypothe-
sis. In the direction of more applied research [29], rapidly
rotating nanoparticles with circumferential speeds ex-
ceeding 300 m/s and radial accelerations on the surface of
more than 1012 m/s2 (corresponding to the gravitational
acceleration on the surface of a neutron star [32]) can
be utilized to test material limits under centrifugal stress
on the nanoscale. For our glass particles with density
ρ = 2000 kg/m3, the realized maximal tensile strength
σtens ≈ ρΩ2rotR2 [29] is about 0.2 GPa. Accordingly, our
experiments operate in the interesting regime close to the
ultimate tensile strength on the order of 10 GPa [33] at
which defect-free glass would disintegrate.
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Note added. We have recently become aware of re-
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in high vacuum [34] and on GHz rotation of nan-
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